Swine producers and veterinarians need a practical and efficient method to monitor population immunity in order to know when to take preventive action. Humoral immunity is key to the prevention of clinical outbreaks, and a variety of porcine epidemic diarrhea virus (PEDV; order Nidovirales, family Coronaviridae, subfamily Coronavirinae, genus Alphacoronavirus) and antibody assays have been developed for a variety of specimens (e.g., serum, 2,5,9 oral fluid [OF], 2 feces, 6 and mammary secretions 5, 10, 11, 13 ). In the majority of cases, the focus has been on testing individual animal serum samples, but aggregate specimens, such as OFs, offer specific advantages and have come into common use for a variety of endemic pathogens, including PEDV.
IgA ELISAs (day 0), then kept at 4°C and tested again at 2, 4, and 6 days post-treatment (DPT).
Studies 1 and 2 were conducted under the approval of the Iowa State University Office for Responsible Research. In study 1, sixteen 7-wk-old pigs acquired from 1 commercial swine farm were housed in the Iowa State University Livestock Infectious Disease Isolation Facility (Ames, IA). Pigs were randomly assigned to 1 of 2 groups (negative control group, n = 6; PEDV-inoculated group, n = 10). PEDV inoculum was prepared as described elsewhere. 11 Blood samples (n = 176) were collected at −7, 0, 3, 7, 10, 14, 17, 21, 28, 35, and 42 DPI. OF specimens were collected twice daily (0700 h and 1300 h) at −3, 0, 5, 10, 15, 20, 25, 30, 35 and 42 DPI.
In study 2, twenty 9-wk-old pigs were acquired from one commercial swine farm known to be free of PEDV infection on the basis of routine monitoring. The pigs were housed in one pen in a commercial production facility. To verify their PEDV-negative status, serum and OF specimens were collected from all pigs at −4 DPI and tested by PEDV ELISA and reverse-transcription real-time (RT-rtPCR). The pigs were inoculated with material prepared using clinical specimens collected from PEDV-infected piglets on commercial farms. The field specimens were thawed at room temperature, mixed with 500 mL of phosphate-buffered saline (PBS; 1×, pH 7.4, Sigma-Aldrich, St. Louis, MO), and then sprayed into the nares of each pig for 5 s using a garden sprayer (Chapin, Batavia, NY). Blood samples (n = 160) were collected at −4, 0, 7, 14, 21, 28, 35, and 42 DPI. OF specimens were collected once daily (0830 h) at −4, 0, 3, 7, 10, 14, 17, 21, 24, 28, 31, 35, 38, and 42 DPI.
Isotype-specific (IgG, IgA), in-house-developed, PEDV whole virus-based indirect ELISAs were performed as described elsewhere. 10 Each OF sample was divided into 4 aliquots. Each aliquot was treated with 1 of 3 clarification formulations (A-C), with the fourth aliquot serving as an untreated control (D). Formula A consisted of 100 ppm chitosan oligosaccharide lactate (Sigma), 0.1% polysorbate 20 (Tween 20, Sigma), 0.5% bovine serum albumin (BSA; Jackson Immunoresearch, West Grove, PA), and 1 ppm xylene cyanol in PBS (1×, pH 7.4). Formula B was identical to formula A, minus Tween 20. Formula C was identical to formula A, except that it did not include chitosan oligosaccharide lactate. Formulations A and C contained Tween 20 (0.1%), a detergent known to block unoccupied proteinbinding sites and dissolve unstable hydrophobic bonds. 1, 14 However, detergents can also adversely affect the attachment of proteins to polystyrene ELISA plates and/or interfere with antibody binding when used above the optimal working range. 3, 4, 7, 8 Therefore, one detergent-free treatment (formula B) was included to detect this response. A blue dye (xylene cyanol, 1 ppm) was added to each formulation in order to readily identify treated OF samples. BSA (0.5%) was added to all formulations to block nonspecific reactions (i.e., improve the specificity of the antigen-antibody reactions).
14 Formulas A-C were lyophilized to avoid diluting the samples, minimize environmental contamination, improve stability, and to anticipate the use of this process in the field. This approach was effective (i.e., all formulations went into solution quickly and easily upon addition of OF).
To avoid diluting OF samples, formulations were lyophilized in 5-mL round-bottom polystyrene tubes (Falcon, Radnor, PA). For lyophilization, 1 mL of the formula was aliquoted into a tube, held at −80°C for 24 h, and then lyophilized (FreeZone, Labconco, Kansas City, MO) for 15 h. After lyophilization, tubes were sealed with polyethylene snap-caps (Falcon), and stored at room temperature in a vacuum-sealed plastic bag.
Prior to treatment, OF specimens were thawed by holding at 4°C for 16 h in an environmental chamber (Caron, Marietta, OH) and then 25°C for 2 h. Specimens were treated by adding 1 mL of each sample to 1 tube of each of the 3 formulations (A-C). Treated samples and the untreated control (D) were vortexed for 5 s and then centrifuged at 1,200 × g for 3 min at 4°C. The supernatant was then harvested and tested by PEDV IgA ELISA and PEDV IgG ELISA.
Immediately after initial testing, all OF samples (n = 104) and a subset of serum samples (n = 38; study 2, 0 and 42 DPI) were held at 4°C in an environmental chamber and retested at 2, 4, and 6 DPT. Samples were not vortexed or centrifuged prior to testing.
ELISA IgG and IgA results for serum (n = 38) and OF (n = 104) samples were analyzed for the effect of chemical treatment (OFs) and time (serum and OFs) using commercial software (SAS 9.4, SAS Institute, Cary, NC). The ShapiroWilk and Anderson-Darling tests (alpha level 0.05) rejected the assumption of normality for both serum and OF datasets; therefore, a nonparametric approach was utilized.
The effect of time on ELISA-detectable PEDV serum antibody was evaluated by comparing day 0 PEDV IgG and IgA ELISA sample-to-positive (S/P) ratios to results generated after 2, 4, and 6 d of storage at 4°C using the KruskalWallis test. For OFs, the effect of "clean-up" formulation (A-C), and time (0, 2, 4, 6 DPT) on PEDV IgA and IgG ELISA S/P ratios were evaluated by comparing treated sample S/P ratios to time-matched untreated control S/P ratios using the Kruskal-Wallis test. Treatment and DPT were analyzed as fixed effects and sample as a random effect. Thereafter, the Dwass-Steel-Critchlow-Fligner method was used to make pairwise comparisons between combinations of treatments and DPTs. Finally, the effect of "clean-up" formulation (A-C), and time (0, 2, 4, 6 DPT) was evaluated separately for antibody-negative and antibody-positive samples. For this analysis, OF samples collected prior to 7 DPI were considered negative, and OF samples collected after 14 DPI were considered positive.
Using a stringent approach, samples with S/P values ≥0.80 were considered positive in the serum IgG ELISA and the OF IgG and IgA ELISAs. 2 All serum samples were negative at ≤0 DPI, and all negative control animals (study 1) tested negative by PEDV IgG ELISA throughout the study (Fig. 1A) . All virus-inoculated pigs tested positive by serum PEDV IgG ELISA at 14 DPI and thereafter.
All OF samples collected from negative control pigs tested negative by PEDV ELISA (IgG and IgA; Fig. 1B, 1C) . OF samples from PEDV-inoculated pigs tested negative by PEDV IgG and IgA at ≤0 DPI, but positive for both IgG and IgA at ≥14 DPI.
The lyophilized formulations (A-C) were quickly resuspended by the addition of OF. The inclusion of chitosan at 100 ppm was found to effectively clarify OF. OFs treated with formulations A or B were more translucent than controls or OF treated with formulation C (Fig. 2) . Analysis of serum IgG and IgA S/P ratios from samples held at 4°C and tested at 0, 2, 4, and 6 DPT did not detect a significant effect of DPT on the results (p > 0.05; Tables 1, 2) . Further, pairwise comparisons of 0 DPT versus 2, 4, and 6 DPT results detected no differences (p > 0.05) in serum IgG or IgA ELISA S/P ratios over time. Analysis of OF IgG and IgA S/P ratios found that neither chemical treatment of the sample nor time held at 4°C significantly affected the results (p > 0.05). Pairwise comparisons of 0 DPT to 2, 4, and 6 DPT results detected no differences (p > 0.05) in OF IgG or IgA ELISA S/P ratios over time. None of the treatments affected PEDV IgG or IgA ELISA S/P ratios, either in the short term (0 DPT) or over time (2, 4, 6 DPT) when compared to untreated controls (D). The absence of a residual effect of treatment is important because it implies that the treatment could be applied in the field. Likewise, it suggests that veterinary diagnostic laboratories could safely store treated OF samples at 4°C for a short time without affecting testing results.
Future work should verify the applicability of our results to other pathogens and other testing technologies. Given the variety and number of available coagulants, it would also be reasonable to speculate that other coagulants or formulations could provide equal or better results. From a wider perspective, our study should be interpreted as the initiation of a new line of research in OF testing. * Samples held at 4°C. † Pairwise comparisons of IgA S/P ratios at 0 days post-treatment (DPT) versus 2, 4, and 6 DPT results detected no differences in IgA ELISA S/P ratios over time (p > 0.05).
